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Abstract: 
In this work, the single-component Cu metallic glass was fabricated by the physical vapor 
deposition on the Zr (0001) crystal substrate at 100 K using the classical molecular dynamic 
simulation. The same deposition process was performed on the Cu (1 0 0) and Ni (1 0 0) crystal 
substrate for comparison, only the Cu crystal deposited layer with the fcc structure can be obtained. 
When depositing the Cu atoms on the Zr substrate at 300 K, the crystal structure was formed, 
which indicates that except the suitable substrate, low temperature is also a key factor for the 
amorphous structure formation. The Cu liquid quenching from 2000 K to 100 K were also 
simulated with the cooling rate 10
12
 K/s to form the Cu glass film in this work. The Cu metallic 
glass from the two different processes (physical vapor deposition and rapid thermal quenching 
from liquid) revealed the same radial distribution function and X-ray diffraction pattern, but the 
different microstructure from the coordination number and Voronoi tessellation analysis.  
 
Introduction: 
Since the first metallic glass was successfully fabricated in 1960[1], many techniques have been 
developed to impel the manufacture of metallic glass. Plentiful new multicomponent metallic 
glasses with different components have emerged. The metallic glasses exhibit many attractive 
properties such as high strength, high hardness and high corrosion resistance. Meanwhile, they 
possess good ductility and toughness [2-6]. Compared to the developed technique of 
multicomponent metallic, due to the low-glass forming ability of pure glass metal, which needs 
ultrahigh cooling rate, the fabrication of single-component metallic glass was only realized in 
computer simulation[7-10]until recently. The experimental realization of single element metallic 
glass was accomplished in the reported works [11, 12]. In this work, the physical vapour 
deposition was supplied to synthesize pure metallic glass using molecular dynamics simulation to 
show an experimental feasible way for the manufacture of the pure metallic glass.   
 
 
 Figure 1 Snapshot of Cu atoms depositing on Zr (0001) crystal substrate with the downward 
velocity corresponding to the incident energy 0.09 eV. 
 
Simulation method: 
All the simulations performed in this work applied the LAMMPS (large-scale atomic/molecular 
massively parallel simulator) molecular dynamics package [13, 14] within the microcanonical 
NVE ensemble. The time step in the molecular simulation was 1 fs. The X and Y directions were 
periodic, and the Z axis was fixed. There were three kinds of substrate: Zr(0 0 0 1), Cu (1 0 0) and 
Ni(1 0 0). The dimension for the three substrate crystal were as follows: for Zr 64.64 Å ×111.96 Å 
× 26.39 Å; for Cu 72.30 Å ×72.30 Å ×18.07 Å; for Ni 70.48 Å ×70.48 Å ×17.62 Å. All the 
substrates comprised of the number of 8800 atoms. The bottom six layers of the substrates were 
boundary atoms, used to prevent atom loss; then the five layers up were thermostat layers. The 
substrate atoms were fixed to 100 K by langevin thermostat [15-18]. The Cu atoms were deposited 
on the three substrates with the downward velocity corresponding to the incident energy 0.09 eV. 
The deposition rate was one atom per ps. The deposited Cu thin film was formed with the total 
number of 8000 atoms. The deposited Cu layer can be separated from the substrates for further 
analysis and denoted as CuDepZr, CuDepCu, CuDepNi in this work. For comparison, the Cu 
liquid cooling from 2000 K to 100 K with the high cooling rate 10
12
 K/s was simulated in this 
work. The rapid quenching Cu film sample was named CuFilm in this work. The CuFilm 
comprised 16800 atoms of the dimension 72.30 Å ×72.30 Å ×36.15 Å. 
The embedded-atom-method (EAM) potential [19, 20] was used in the LAMMPS MD package for 
the Cu-Zr system. Since the two-component potential file is also valid for either element for pure 
metal simulation, the same Cu-Zr EAM potential was also applied for the Cu-Cu system to make 
the comparison consistent. The Cu-Ni EAM potential[21] was applied for the Cu-Ni system. 
The Ovito software [22, 23] was employed for the radial distribution function (RDF), coordination 
number and Voronoi tessellation [24] analysis. The X-ray diffraction (XRD) data was obtained 
from the LAMMPS USER-DIFFRACTION package [25] [26] [27]. 
 
Result and discussion:  
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Figure 2 Radial distribution function (RDF) of Cu atoms depositing on Zr (CuDepZr), Cu 
(CuDepCu) and Ni (CuDepNi) crystalline substrates as well as the RDF of the rapid cooling of Cu 
liquid (CuFilm). 
The radial distribution function (RDF) of Cu atoms depositing on Cu (CuDepCu), Ni (CuDepNi) 
and Zr (CuDepZr) crystalline substrate as well as the rapid cooling of Cu liquid (CuFilm) is shown 
in figure 2. The upper lines (blue and orange) which corresponds to the CuDepCu and CuDepNi 
reveal the long range order characteristic of crystals, confirm the crystal structure of Cu deposition 
layer above the crystalline substrates Cu and Ni. The lower red line represents the Cu atoms 
depositing on Zr substrate. It shows amorphous structure, which is no long range order of the 
structure. The RDF of CuDepZr is almost identical to CuFilm(black line). There is a split in the 
second peak of the RDF of CuDepZr and CuFilm, which is characteristic of the amorphous solids 
[28]. The peak positions are: p1=2.55, p2=4.25,p3=4.95. The position ratio p2/p1 is 1.67, and 
p3/p1=1.94. The values are close to √3 and √4, which is a general character for metallic glass 
[29-31]. 
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Figure 3. X-ray diffraction pattern of CuDepCu, CuFilm and CuDepZr. The Cu-K  source with 
wavelength =1.541838 Å was applied in this work. 
The X-ray diffraction (XRD) pattern [25] [26] [27] of CuDepCu, CuFilm and CuDepZr is in 
agreement of the RDF result. The crystal peaks for CuDepCu corresponds to the Cu fcc crystal 
structure. There is a broad diffraction maxima, which is characteristic for fully amorphous 
materials in the XRD pattern of CuDepZr and CuFilm. The amorphous peak is at position 44.38 
degree. The XRD pattern of CuFilm is identical to CuDepZr.. 
From the result of RDF and XRD analysis, it is verified that the CuDepZr layer is completely 
amorphous. In contrast, the deposited Cu atoms on the crystal Cu (1 0 0) /Ni (1 0 0) substrate 
makes crystal structure immediately when the atom reaches the surface. Just like people join the 
queues automatically. It is because the crystal substrate generates regular potential landscape on 
the surface guiding the atoms to a position of the minimal energy. For the Zr crystal substrate, the 
first layer Cu-Zr potential disturbed the regular potential and the following atoms scatter 
disordered. 
The deposition for the amorphous glass is at the temperature 100 K, when the temperature of 300 
K is applied, the crystal structure is obtained, indicating besides suitable substrate choice, low 
temperature is also a key factor for the amorphous formation. The high temperature supply high 
kinetic energy to activate atoms override potential energy barrier from local minimum to 
crystallize.[32] 
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Figure 4 Coordination number distribution of CuDepZr (red) and Cufilm (black). 
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Figure 5 Distribution of Voronoi polyhedron of CuDepZr and CuFilm. 
The RDF and XRD of CuDepZr and CuFilm are almost identical, but the microscopic atomic level 
structure shows obvious difference from the coordination number and Voronoi tessellation [24] 
analysis. The coordination number of a central atom is the number of its near neighbors. Figure 4 
exhibits the distribution of coordination number of CuDepZr and CuFilm. For the CuFilm and 
CuDepCu, The population for coordination number of 10, 11 and 12 is higher for the CuDepZr 
than the CuFilm. Meanwhile the polyhedron with coordination number in excess of 13 possesses 
more population in the CuFilm. This means the CuDepZr prefers the low coordination numbers. 
More detailed information of the atomic configuration can be obtained from the analysis of 
Voronoi tessellation[24]. The Schläfli notation[33] is applied in this work. The Voronoi index ni is 
the number of faces with i edges in a polyhedron (Wigner-Seitz cell). The population of 
polyhedrons with <n3 n4 n5 n6> is counted. The result is exhibited in figure 5. The Voronoi index 
<0 0 12 0> indicates full icosahedron. The population of icosahedron in CuDepZr is 6.3% and in 
CuFilm is 5.9%. This means the amorphous structure for both samples. The CuDepCu possesses 
obviously more polyhedrons with Voronoi index of <0 2 8 1>, <0 2 8 1> and <0 0 12 0> than the 
CuFilm. While the CuFilm contains more polyhedrons with Voronoi index of <0 1 10 2>,<0 2 8 
4>, <0 3 6 4>, <0 1 10 3> and <0 3 6 5>. The other Voronoi index shows almost identical fraction 
in both samples. 
Conclusion: 
This simulation work proved the monatomic metallic glass could be obtained from deposition on 
crystalline substrate, only if the suitable deposition material and the substrate pair are selected. 
Except the suitable match, low temperature is also a key factor to prevent crystallization of the 
deposited atoms. Compare to the amorphous substrate, the crystal substrate is easy to get and it 
has smooth surface. The molecular dynamic simulation is a method for microstructural design, 
which would advance our understanding of liquids and glasses in general. This work provides a 
phenomenon for a better understanding of the metallic glass. 
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